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ABSTRACT
We use data of ∼13.000 stars from the SDSS/APOGEE survey to study the shape of the MDF within the region |l| ≤ 11◦
and |b| ≤ 13◦, and spatially constrained to RGC ≤ 3.5 kpc. We apply Gaussian Mixture Modeling (GMM) and Non-negative
Matrix Factorization (NMF) decomposition techniques to identify the optimal number and the properties of MDF components
in different spatial locations and under different sampling conditions. We find the shape and spatial variations of the MDF
(at [Fe/H] ≥ −1 dex) are well represented as a smoothly varying contribution of three overlapping components located at
[Fe/H] =+0.32, −0.17 and −0.66 dex. The bimodal MDF found in previous studies is in agreement with our trimodal assessment
once the limitations in sample size and individual measurement errors are taken into account. The shape of the MDF and its
correlations with kinematics reveal different spatial distributions and kinematical profiles for the three chemical components
co-existing in the bulge region. We confirm the consensus physical interpretation of metal-rich stars as associated with the
boxy/peanut X-shape bar, originating from the secular evolution of the early disc. On the other hand, metal-intermediate stars
could be the product of in-situ formation at high redshift, in a gas-rich environment characterized by violent and fast star
formation. This interpretation would help to link a present-day structure with those observed in formation in the center of high
redshift galaxies. We refrain from associating the metal-poor stars with any particular formation mechanism. They seem to be
inconsistent with being thick disc or halo stars, but may be the metal-rich tail of the population currently being characterized at
lower metallicity from the study of RR Lyrae stars. Conversely, they could be associated with the metal-poor tail of the early
thick disc.
Key words: Galaxy: bulge, structure, stellar content – stars: fundamental parameters: abundances -infrared: stars
? E-mail: arojas@astro.puc.cl
1 INTRODUCTION
Over the past decades, the bulge of the Milky Way (MW) has been
an object of intense study and debate. A vast quantity of observations
c© 2020 The Authors
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has contributed to an increasingly high-resolution, detailed charac-
terization of its observed properties and their internal correlations.
At the same time, considerable effort has been devoted to produc-
ing numerical simulations to provide theoretical prescriptions that
link these observed properties with different mechanisms of bulge
formation and evolution.
These efforts demonstrate recognition that the Galactic bulge is a
key ingredient in our quest to understand galaxy formation and evo-
lution. It represents the closest example of a mature bulge, which
makes possible the detailed study of its resolved stellar content by
means of photometric and spectroscopic measurements. The bulge
provides an unique opportunity to understand the complex physics
of baryons involved in galaxy formation, but at the same time repre-
sents a challenge since it requires dense coverage of at least 400 deg2
of heavily extincted sky.
The two broadest scenarios often invoked to explain bulge for-
mation are motivated by observations of local external galaxies, and
aim to account for their morphological dichotomy into the so-called
classical and pseudo-bulges (Kormendy & Kennicutt 2004). Clas-
sical bulges are thought to be the product of mergers of primordial
structures that yield spheroidal, massive (relative to the disc), kine-
matically hot, and isotropic structures, in a Λ−CDM context (Baugh
et al. 1996; Abadi et al. 2003). On the other hand, pseudo-bulges
are the end product of the the secular internal evolution of the disc,
which rearranges angular momentum and stars to the center and
forms a bar, which subsequently undergoes vertical instabilities into
a X-shaped boxy/peanut (B/P) bulge (Combes et al. 1990). In both
cases, the mechanisms are dissipationless processes, driven by stel-
lar dynamics (i.e., not gas dynamics) that which assemble central
structures from stars that have been previously formed elsewhere.
An additional, complementary scenario of bulge formation
emerges from observational evidence at high redshift. Enhanced
central star formation or even fully formed bulges have been ob-
served in galaxies at z ∼ 2, which otherwise are still vigorously
forming stars in their massive, gas-rich discs (Tacchella et al. 2015;
Nelson et al. 2016). This bulge assembly therefore takes place at
an epoch preceding the formation of the bar, which for MW-mass
galaxies happens at z ∼ 1 (∼8 Gyr ago; Sheth et al. 2008; Kraljic
et al. 2012; Fragkoudi et al. 2020). Characterized by a period of high
star formation rate (SFR), the mechanism responsible here seems to
produce bulges from the compaction of gas in a dissipative process,
which is fast and forms stars in-situ.
It is well-established that the Galactic bulge hosts a bar and has a
B/P morphology (e.g., Weiland et al. 1994; Dwek et al. 1995; Wegg
& Gerhard 2013). N-body simulations indicate that such a struc-
ture is evidence of an origin in secularly evolved disc (Combes &
Sanders 1981; Raha et al. 1991; Athanassoula 2005). Additional
complexity has emerged as the outcome of a progressively larger
amount of small programs and surveys mapping the stellar content
of the inner Galaxy. In particular, it has become evident that this re-
gion hosts a variety of stellar populations or components, some of
which have distinct kinematical or spatial distributions (e. g. Mira
stars; Catchpole et al. 2016, RC stars; Zoccali et al. 2017, RR Lyrae;
Kunder et al. 2020).
During the past twenty years, enormous effort has gone into ob-
taining large samples of stellar spectra in the Galactic bulge with the
aim of understanding the history of this massive component (for a re-
view of these surveys, see Barbuy et al. 2018). However, differences
in target selection, stellar tracers, sightlines, and analysis methods
long prevented a consistent picture of the bulge.
Starting with the pioneering low resolution spectroscopic study
of Rich (1988) in Baade’s Window, the metallicity distribution func-
tion (MDF), and in general, the chemistry of K and M bulge giant
stars started to be the object of dedicated observational efforts. Low
resolution studies of the order of hundred stars (Sadler et al. 1996;
Minniti 1996b; Ramírez et al. 2000) were complemented with high
resolution studies of the order of tens of stars, not only in Baade’s
Window but also down to the high reddening regions close to the
midplane, as near infrared spectroscopy was used (McWilliam &
Rich 1994; Fulbright et al. 2006; Cunha & Smith 2006; Cunha et al.
2007; Rich et al. 2007).
The first homogeneous assessment of the MDF in several fields is
that of Zoccali et al. (2008a), who studied the MDF along the bulge’s
minor axis (between b =−4◦ and b =−12◦) by high resolution ob-
servations of hundreds of stars per field, and confirmed the vertical
metallicity gradient suggested earlier by Minniti et al. (1995); this
was interpreted as a signature of classical bulge formation. Using a
larger sample of red clump stars Hill et al. (2011), revealed for the
first time a bimodality in the MDF, the peaks of which are corre-
lated with different kinematical signatures (Babusiaux et al. 2010).
The metal-rich stars showed kinematics consistent with a bar-driven
component, while the metal-poor ones had more isotropic kinemat-
ics that were associated with a classical spheroid.
Several subsequent studies, using different spectroscopic surveys
of the bulge region, confirmed this bimodality and the relationship
between metallicity and kinematics: e.g., Gaia-ESO Survey (GES;
Rojas-Arriagada et al. 2014, 2017), GIRAFFE Inner Bulge Survey
(GIBS; Gonzalez et al. 2015, Zoccali et al. 2017), and APOGEE
(Ness et al. 2016, Zasowski et al. 2016, Schultheis et al. 2017, Fragk-
oudi et al. 2018, Queiroz et al. 2020). Using more than 10.000 stars
from ARGOS, Ness et al. (2013) found that the MDF can be de-
composed into up to five metallicity components, with three of them
accounting for the majority of stars. Using the APOGEE DR12 data,
García Pérez et al. (2018) suggested the presence of four metallicity
components which are of different strength. However, their sample
did not include the coolest stars with temperatures below 3600 K.
In this paper, we use the combined data of APOGEE-1 and
APOGEE-2 (Sect. 2) to study the bulge’s MDF, its statistical proper-
ties, and correlations between stellar metallicity and kinematics over
a large area of sky, including the still poorly explored inner degrees
of the Galactic plane.
The structure of the paper is as follows. In Sect. 2 we describe the
adopted dataset and the computed set of spectro-photometric dis-
tances. We explore potential sources of bias in the MDF, as well as
the appropriateness of the often adopted radial limit (RGC ≤ 3.5kpc)
used to select samples of bulge stars in Sect. 3. The shape of the
MDF and its spatial variations are explored in Sect. 4, where it is
parametrized with a Gaussian Mixture Model analysis as well as a
Non-negative Matrix Factorization decomposition. Finally, in Sect. 5
we discuss our results in the context of previous spectroscopic sur-
veys of the bulge, as well as in the more general context of galaxy
formation.
2 DATA
2.1 APOGEE and Gaia
We use fundamental stellar parameters (Teff , log g) and metallic-
ity ([M/H]) from the Apache Point Observatory Galactic Evolu-
tion Experiment (APOGEE; Majewski et al. 2017). APOGEE is a
high-resolution, near-infrared (NIR) spectroscopic survey designed
to perform far-reaching chemical cartography of the Milky Way stel-
lar populations, using hundreds of thousand of stars. The main tar-
gets of the survey are giant stars (RGB, AGB, and RC), which are
MNRAS 000, 1–20 (2020)
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intrinsically luminous tracers present in nearly all stellar populations
(Zasowski et al. 2013; Zasowski et al. 2017). By observing at NIR
wavelengths, APOGEE overcomes much of the extinction imposed
by the large amount of dust present in the Galactic plane, especially
towards the Galactic bulge, which has limited past observational ef-
forts in this important region of the Galaxy.
APOGEE, a component of both SDSS-III and -IV (Eisenstein
et al. 2011; Blanton et al. 2017), observes in the NIR H-band (1.51−
1.70 µm) using two custom-built, high-resolution (R ∼ 22, 500)
spectrographs at Apache Point Observatory’s 2.5 m Sloan Telescope
and Las Campanas Observatory’s 2.5 m Irénée du Pont telescope
(Wilson et al. 2019; Gunn et al. 2006; Bowen & Vaughan 1973).
APOGEE spectra are extracted, wavelength calibrated, and radial
velocities (RVs) are computed using the pipeline described in Nide-
ver et al. (2015); stellar fundamental parameters and abundances of
up to 26 elements (including alpha, iron-peak, odd-Z and neutron-
capture elements) are computed using the APOGEE Stellar Param-
eters and Chemical Abundances Pipeline (ASPCAP; García Pérez
et al. 2016). An overview of the APOGEE parameter calibrations,
data products, and elemental abundances can be found in Holtzman
et al. (2018) and Jönsson et al. (2018).
The base catalog for our sample selection has been reduced and
analyzed either with the APOGEE pipeline version used in SDSS
Data Release 16 (DR16; Ahumada et al. 2020; Jönsson et al. 2020),
or a very similar one with a slightly updated data reduction version
(r13). The full catalog includes ∼134,500 additional stars observed
after those released in DR16 (through November 2019), and addi-
tional visits for ∼56,000 others.
We adopt proper motions for our sample from Gaia DR2 (Gaia
Collaboration et al. 2018). In addition, we adopt the renormalized
unit weight error (RUWE) values for all the stars in our sample from
the official release as available from the Gaia Archive. The RUWE is
a recommended astrometric-quality diagnostic which can be used as
a criterion to select good astrometric solutions. We do not use these
values in selecting the bulge sample, but we include them in our
study of the spatial variation of global kinematical properties of the
sample (Sect. 3.2). On the other hand, we do not use Gaia parallaxes
as they become error dominated for stars beyond 3 − 4 kpc, making
them unsuitable to estimate distances for stars in the inner Galaxy.
Instead, we compute spectro-photometric distances as described in
the next section.
2.2 Distances and orbits
We calculated spectro-photometric distances for the whole set of
stars available in the interim APOGEE catalog (so, including data
beyond the public DR16). To this end, we incorporated the stellar
properties Teff , log(g), [M/H], and the 2MASS JHKs photometry
into the spectro-photometric method described in Rojas-Arriagada
et al. (2017) and Rojas-Arriagada et al. (2019).
In summary, we compare a large set of theoretical isochrone
points to the parameters Teff , log g, and [Fe/H] of each star, and
compute the distances from each star to each isochrone point in the
theoretical space. These parameter-space distances serve as weights
from which the most likely theoretical physical properties of the star
can be computed. A number of extra multiplicative weights are de-
fined to account for the evolutionary speed of the points along the
isochrones and for the IMF. Using these weights, the most likely
absolute magnitudes (MJ , MH , MKs ) of the observed stars can be
computed as the weighted mean or median of the theoretical values
of the whole set of isochrone points. The computed absolute magni-
tudes are then compared to the observed photometry, allowing us to
estimate the line-of-sight reddening and distance modulus. No prior
on the Galactic stellar density is used. For these computations, we
adopted a set of PARSEC1 isochrones (Bressan et al. 2012; Marigo
et al. 2017), spanning ages from 1 to 13 Gyr in steps of 1 Gyr, and
metallicities from −2.2 to +0.5 in steps of 0.1 dex.
In Appendix A, we validate our distances against other established
metrics: the StarHorse (Queiroz et al. 2018, 2020) and astroNN (Le-
ung & Bovy 2019) pipelines, Gaia Bayesian distances (Bailer-Jones
et al. 2018), open clusters, and the distances to the Large Magellanic
Cloud and Sagittarius dwarf galaxy. Overall, we find an approxi-
mate conservative uncertainty of ∼25% for the typical RGB stars
that dominate our sample.
For the rest of the paper, we use Galactocentric cylindrical dis-
tances (RGC) computed from our spectro-photometric heliocentric
distances and the stellar (l, b) coordinates, assuming R = 8.2 kpc
(Bland-Hawthorn & Gerhard 2016). We also adopt the Galactocen-
tric velocity VGC for our analysis, that is, the heliocentric radial ve-
locity corrected for the solar reflex motion.
The combination of spectro-photometric distances, Gaia proper
motions, and APOGEE radial velocities allow us to estimate orbital
parameters by integrating orbits under a prescription of the Galac-
tic potential. We use the galpy2 code (Bovy 2015), adopting the
MWPotential2014 model for the Milky Way gravitational poten-
tial. This model is a superposition of a Hernquist bulge (Hernquist
1990), a Miyamoto-Nagai disc (Miyamoto & Nagai 1975), and a
Navarro-Frenk-White halo (Navarro et al. 1997), which contribute
5%, 60% and 35% of the rotational support at the solar circle, re-
spectively.
From the full phase-space information available for each star (α,
δ, µα cos(δ), µδ, VGC, d), the stellar orbits are integrated over 10 Gyr.
In the calculations, the in-plane distance of the Sun from the Galactic
center is adopted as R = 8.2 kpc, the velocity of the Local Standard
of Rest (LSR) as VLSR = 220 km s−1 (see Bovy et al. 2012), and the
peculiar velocity of the sun respect to the LSR as (U,V,W) = (11.1,
12.24, 7.25) km s−1 (Schönrich et al. 2010). We estimate uncertain-
ties for all computed orbital parameters by generating 600 random
Gaussian realizations of the set of observed parameters from their
respective individual uncertainties. From these variations of the ini-
tial conditions, we obtain distributions of the orbital parameters from
which 1σ errors are estimated; these are used to restrict the sample
solely to demonstrate the RGC limit in Sect. 3.2.
2.3 Selection of a clean inner disc/bulge sample
Before examining the bulge MDF, we construct a clean sample of
inner MW APOGEE stars with high-quality, reliable fundamental
parameters but with no distance restrictions. We use this sample in
Sect. 3 to determine the optimal RGC limit for a bulge selection.
To select this clean inner sample, we start with the interim all-
Star file of all APOGEE data observed through November 2019
(MJD 58814) and consider stars with |l| ≤ 16◦ and |b| ≤ 15◦.
To ensure reliable ASPCAP values for the parameters of inter-
est, we require a minimum signal-to-noise ratio (SNR) of 60 and
that the following STARFLAG3 bits be set to zero: BAD_PIXELS,
VERY_BRIGHT_NEIGHBOR, and PERSIST_HIGH. We require
1 Available at http://stev.oapd.inaf.it/cgi-bin/cmd
2 Available at http://github.com/jobovy/galpy
3 https://www.sdss.org/dr16/algorithms/bitmasks/
#collapseAPOGEE_STARFLAG
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the NO_ASPCAP_RESULT and the STAR_BAD bits of the ASP-
CAPFLAG4 bitmask to be zero, and we remove stars with visit-to-
visit radial velocity variations (VSCATTER) greater than 0.6 km s−1.
The selected SNR limit includes stars below the APOGEE goal of
SNR ≥ 80 per pixel, but is set conservatively above the SNR = 50
limit over which ASPCAP provides reliable parametrizations (Gar-
cía Pérez et al. 2016). The VSCATTER limit is set to remove a minor
fraction of stars in the tail of the VSCATTER distribution, domi-
nated by binary systems or stars with some other problem affecting
their RV measurements. In addition to the previous cuts, we remove
any stars that pass them but do not have valid ASPCAP values and/or
spectro-photometric distances.
To eliminate biases due to non-standard target selection, we re-
move any star not flagged as a main survey target using the EX-
TRATARG5 bitmask. This leaves several inner Galaxy stars that
were chosen as part of smaller APOGEE subprograms (in addi-
tion to the main survey); after evaluating those programs’ target
selection and the resulting samples, we remove stars whose PRO-
GRAMNAME in the allStar file is set to cluster_gc, clusters_gc1,
geisler_18a, geisler_19a, sgr, or sgr_tidal. The resulting sample af-
ter all these selections comprises 27,806 stars and is shown in Fig-
ure 1.
3 DEFINITION AND BIAS CORRECTIONS OF OUR
BULGE SAMPLE
The objective of this work is to study the shape of the MDF as an
observational proxy of the complex mix of structures assembling the
stellar content of the inner Milky Way. In this context, there are two
main issues we examine before defining a selection of bulge stars:
potential sources of sampling biases in the APOGEE data (Sect. 3.1)
and the most appropriate cylindrical distance cut to define the bulge
spatial region (Sect. 3.2). We incorporate our findings into the defi-
nition of our bulge sample in Sect. 3.3.
3.1 Sample bias corrections
As we want to use the APOGEE spectroscopic data to study the
underlying structure of the bulge MDF and its spatial variations, we
must therefore account for potential sources of sampling biases. We
calculated selection corrections for two different types of biases in
our sample: i) observational bias due to stars of different metallicities
having different probabilities of being observed by APOGEE (Pobs),
and ii) analysis bias due to stars with some intrinsic metallicity–Teff
combinations not having reliable ASPCAP metallicities (P[M/H]).
For the first of these – the observational probability – we simu-
lated observing simple stellar populations (SSPs) as a function of
[Fe/H], distance, and extinction (see examples in Figures 2a and
2b). We generated SSPs based on 10 Gyr MIST isochrones (Pax-
ton et al. 2011; Dotter 2016) for −2.0 ≤ [Fe/H] ≤ +0.4, with
∆[Fe/H] = 0.2 dex, using a Kroupa (2001) IMF. We computed H-
band photometry for each SSP at a range of distances (d) and ex-
tinctions (AH), together as µ = 5 log d − 5 + AH ; we explored
13.5 ≤ µ ≤ 19.0, which encompasses our closest bulge stars (as-
suming AH = 0) out to distance/extinction combinations that would
4 https://www.sdss.org/dr16/algorithms/bitmasks/
#collapseAPOGEE_ASPCAPFLAG
5 https://www.sdss.org/dr16/algorithms/bitmasks/
#collapseAPOGEE_EXTRATARG
remove a population from APOGEE’s sample entirely. For each of
the five APOGEE selection bins represented in our data set6, we then
counted the fraction of the log g ≤ 2.2 RGB that fell within the bin.
An example of these fractions is shown in Figure 3a, where the shad-
ing indicates Pobs as a function of [M/H] and µ for one APOGEE
selection bin. A two-dimensional linear spline interpolation is used
to store the pattern for each selection bin (Figure 3b). Given the bin
in which each real APOGEE star was selected, along with its metal-
licity, distance, and extinction (Sect. 2.2), we can account for the
probability of finding it in our sample, relative to other stars.
For the second selection effect, we again use SSPs to compute, as
a function of metallicity, the fraction of the RGB that lies beyond the
DR16 ASPCAP synthetic spectra grid edge at Teff = 3000 K (Fig-
ure 2c). This fraction turns out to be well-represented by a simple
function of metallicity (Figure 3c):
P[M/H] = −0.04 × exp
(
[M/H] − 0.46
0.18
)
+ 1, (1)
where P[M/H] = 1 means that the entire upper RGB (with log g ≤ 2.2)
lies within ASPCAP’s range.
The final sample weight (Wtot) for each star is taken as the in-
verse of the product of its observational and analysis probability,
i.e., Wtot = 1/(Pobs × P[M/H]). P[M/H] is always large enough that it is
not dominated by the [M/H] uncertainties. However, at small Pobs,
its value (and thus the value of Wtot) is dominated by the uncertainty
in µ, which is roughly constant at ∼0.55, assuming 25% distance un-
certainties and 0.1 mag extinction uncertainties. Pairs of stars with
∆µ ≈ 0.55 mag have differences in Pobs clustered around 0.1, sug-
gesting Pobs ≥ 0.1 as a reasonable limit to ensure robust weighting.
Stars below this value (∼8% of the total bulge sample) are concen-
trated in the midplane, generally with |Z| < 80 pc; they cover the full
RGC span of our sample, but are much more heavily reddened than
other stars at the same distance and latitude. Their metallicity dis-
tribution is identical to the other stars (with Pobs > 0.1) in the same
latitude range, so our analysis and conclusions do not change at all
if these stars’ low probabilities are capped at Pobs = 0.1, or indeed if
they are excluded altogether. For simplicity, we set Pobs = 0.1.
The impact of applying these two types of weights is summarized
in the MDFs shown in Figure 4. In short, the change in the MDF
is minimal, suggesting that our bulge sample is not significantly af-
fected by metallicity biases due to the survey selection function or
to the effects of the current ASPCAP model grids.
3.2 Exploring the bulge RGC limit
Seen from the Sun, the MW’s bulge has a boxy/peanut appearance,
as initially established from the NIR light distribution and 2MASS
star counts (e.g., Dwek et al. 1995; López-Corredoira et al. 2005).
Following early evidence from gas dynamics that indicates the pres-
ence of a non-axisymmetric rotating bar potential (de Vaucouleurs
1964; Rodriguez-Fernandez & Combes 2008), studies using lumi-
nous stellar tracers (especially RC stars from massive photometric
surveys) have characterized the boxy bar as a triaxial structure of
length ∼3.5 kpc, with axis ratios of 1:0.4:0.3 (Rattenbury et al. 2007;
Robin et al. 2012; Wegg & Gerhard 2013). Its near side points to-
wards positive Galactic longitudes, with a position angle of ∼ 25◦
6 (J−Ks)0 ≥ 0.5 and one of: 7.0 ≤ H < 11.0, 7 ≤ H < 12.2, 11 ≤ H < 12.2,
11 ≤ H < 12.8, or 12.2 ≤ H < 12.8 (Zasowski et al. 2013; Zasowski et al.
2017)
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Figure 1. The clean general inner Galaxy sample as defined in Sect. 2.3. Left: Galactic (l, b) of the stars (black points) against the Schlegel et al. (1998) E(B-V)
map (in red). Center: Galactocentric radius (RGC) and height above the midplane of the stars. Right: Kiel diagram, colored by [M/H].
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Figure 3. Panels (a)–(b): Example of fit to the “observed” fraction of the RGB+AGB branch, as a function of stellar [M/H] and µ for the selection bin defined
by (J − Ks)0 ≥ 0.5 and 7 < H < 12.2 (see Sect. 3.1). Panel (c): Fit to the fraction of simulated RGB+AGB stars within ASPCAP’s analysis range.
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Figure 4. Selection- and metallicity-corrected MDFs for the total bulge sam-
ple (Sect. 3.1), compared to the raw sample counts in gray. Top panel: MDF
weighted by P[M/H] alone. Middle panel: MDF weighted by Pobs alone. Bot-
tom panel: MDF weighted by both P[M/H] and Pobs. In all cases, the weight-
ing has a minimal impact on the global shape of the MDF.
with respect to the Sun-Galactic center direction, and the asymmet-
ric boxy isophotes are attributed to the effects of the near-end-on
projection of a dynamically coherent bar.
Based on these considerations, many recent studies of bulge stel-
lar populations have adopted a Galactocentric distance limit of
RGC = 3.5 − 4 kpc to define their bulge samples (Ness et al. 2013;
Rojas-Arriagada et al. 2017; Schultheis et al. 2017). Our aim in this
section is to use the kinematical properties of our clean inner Galaxy
sample (Sect. 2.3) to assess the appropriateness of these limits and
choose the best to use for this paper.
In Figures 5 and 6, we show mean kinematical properties of our
clean inner MW sample in the Galactocentric cartesian (X,Y) plane.
The Galactic Center is at (X,Y) = (0, 0) kpc, the Sun is at (X,Y) =
(−8.2, 0) kpc, and the close end of the bar lies where X < 0 and
Y > 0. Each property is shown for stars limited to |Z| ≤ 1.0 kpc. The
dashed-line ellipses indicate RGC = 3.5 kpc.
Figure 5 shows the Galactocentric radial velocity VGC of the clean
inner MW sample, with mean VGC in the left panels and dispersion
σVGC in the right panels. In the VGC panels, we see an overall uniform
rotation pattern for stars at nearly all RGC, especially RGC > 3.5 kpc,
where the pattern is particularly smooth. In contrast, the velocity dis-
persion (σVGC) shows marked spatial patterns, with low dispersion
(indicating coherent rotation) at RGC & 4 kpc and higher disper-
sion (by a factor of two or more) at smaller radii, indicating more
isotropic kinematics.
Figure 6 shows additional kinematic and orbital (eccentricity)
properties for stars from the clean inner MW sample with good
proper motions and orbit measurements (Sect. 2.2). These are de-
fined as stars with uncertainties in both µα cos(δ) and µδ smaller than
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Figure 5. Galactocentric velocity (VGC) maps of the clean inner MW sample
in the XY plane. They are computed over a 60×60 bins grid for stars with |z| ≤
1.0 kpc. Left panel: mean Galactocentric velocity. Only pixels containing at
least 4 samples are displayed. Right panel: dispersion of the Galactocentric
velocity. Only pixels containing at least 6 samples are displayed. The dashed
black ellipses indicate in each panel the region defined by RGC = 3.5 kpc.
0.5 mas yr−1 and uncertainties in tangential velocity (vT , projected
onto the plane), vertical velocity (vZ), and eccentricity smaller than
40 km s−1, 20 km s−1, and 0.14, respectively. The error distributions
of these quantities are all sharply peaked, so these limits only re-
move stars in the long high-error tails (beyond the 95th percentile of
the distribution). In addition, as recommended by the Gaia consor-
tium, we select stars with RUWE < 1.4, to ensure their astrometric
solutions are reliable.
The top row of Figure 6 contains the (X,Y) distribution of vT (left)
and σ(vT ) (right), the middle row contains similar maps for vZ and
σ(vZ), and the bottom row contains a map for mean eccentricity e.
Together, these distributions tell a complementary story of a kine-
matical transition between the disc- and bulge-dominated regions.
The disc is dominated by stars that are in roughly circular, copla-
nar rotation, with vT ≈ 150 − 250 km s−1, low dispersions in both
vT and vZ , and roughly uniform e . 0.25. Inside RGC ∼ 3.5 kpc,
however, rather sharply the kinematics become significantly less co-
herent, with σ(vT ) and σ(vZ) greater than 100 km s−1 and mean ec-
centricity exceeding e = 0.6.
These trends indicate a relative dearth of circular, coplanar or-
bits and higher orbital isotropy in the inner Galaxy, and a tran-
sition between domination by the rotation-supported disc and the
bar+pressure-supported bulge in a narrow region at RGC ≈ 3.5 kpc.
Based on this behavior, we adopt this as our spatial limit to select a
sample of likeliest bulge stars (Sect. 3.3).
3.3 Selection of a bulge sample
We use the results of Sect. 3.1–3.2 to define our sample of bulge
stars. Starting with the clean inner MW sample defined in Sect. 2.3,
we remove stars with log g > 2.2, to ensure our sample is adequately
free of the selection and analysis effects of Sect. 3.1. Then, we select
stars with RGC ≤ 3.5 kpc as those in the kinematically-distinguished
bulge/bar region explored in Sect. 3.2. Finally, we focus for the rest
of the analysis on the spatial variation of the MDF within the region
bounded by |`| ≤ 11◦ and |b| ≤ 13◦, so we keep only stars inside
those limits. The final bulge sample comprises 13,031 stars.
Figure 7 shows the mean metallicity map (in `, b) of the bulge
sampled by the APOGEE bulge stars. The mean metallicity was
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Figure 6. The binned statistics of tangential velocity (vT , upper row), vertical
velocity (vz, middle row) and eccentricity (e, lower row) are computed in the
(X,Y) Galactic Cartesian plane. In each case, a 50 × 50 bins grid has been
adopted, except for eccentricity in which case we adopt 60 × 60 bins. Only
stars with |z| ≤ 0.5 kpc are considered. In each panel, the red dashed-line
ellipse depicts the RGC = 3.5 kpc limit.
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Figure 7. Mean metallicity map of our bulge sample. The mean metallicity
is computed over a 22 × 22 grid within |l| ≤ 11◦ and |b| ≤ 13◦. Only pixels
with more than 7 stars are shown.
computed over a 22 × 22 grid in the |`| ≤ 11◦, |b| ≤ 13◦ region, dis-
playing only pixels containing more than seven stars. The dominant
gradient is in latitude, with average metallicity increasing towards
the midplane. In addition, although the sampling of APOGEE data is
less dense beyond 5◦ from the Galactic plane, the general pattern ap-
pears symmetric around b = 0◦. Beyond |b| > 10◦, however, a weak
longitudinal gradient is visible in the map, with the mean population
becoming more metal rich towards positive longitudes. As we shall
see, this region is dominated by stellar populations other than bulge
stars, and it is at the border of the region we are sampling. Conse-
quently, we do not quantify the significance of this effect. Qualita-
tively, this mean metallicity map compares quite well with the photo-
metric map of Gonzalez et al. (2013) derived from VISTA Variables
in the Via Lactea survey (VVV, Minniti et al. 2010) data, and shows
the vertical metallicity gradient (see also Fig. 12).
4 THE METALLICITY DISTRIBUTION FUNCTION
Figure 8 shows the (l, b) distribution of our bulge sample, em-
phasizing (along with Figure 1) that APOGEE preferentially sam-
ples the region within 5◦ of the Galactic plane, even with stars at
RGC ≤ 3.5 kpc. This region has been largely avoided by large-scale
optical spectroscopic surveys because of the severe limitations im-
posed by the high dust extinction. Thanks to its NIR H-band sensi-
tivity, APOGEE is less affected by this extinction and offers the op-
portunity to systematically explore the nature of the MDF with good
statistics across dozens of square degrees in the innermost parts of
the MW.
Numerous bulge studies have shown that the proportion of metal-
rich to metal-poor stars decreases as a function of the distance (|b| or
|Z|) from the midplane (Zoccali et al. 2008a; Ness et al. 2013; Rojas-
Arriagada et al. 2017). As we also focus here on the latitude de-
pendence of the MDF, we split our bulge sample into latitude strips
that extend across the full longitude range and are symmetric around
b = 0◦ (Figure 8); we combine stars into strips of |b| after confirming
the MDFs of the matched strips at ±b are statistically identical (see
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Figure 8. Distribution of our bulge sample of 13031 stars in (l, b). The hor-
izontal black dashed lines define our latitude strips, with a binning pattern
that is symmetric about the midplane (Section 4). Points are color-coded by
latitude strip.
also the symmetry of Figure 7). The varying widths of the strips are
chosen to maximize the resolution in |b| while still ensuring more
than 1600 stars per strip, each of which is shown in a different color
in Figure 8. The three outermost strips include stars spanning areas
previously studied by optical spectroscopic surveys (e.g., ARGOS,
GIBS, and GES at b < −4◦).
The goal of this paper is to study in greater detail the shape — es-
pecially the “peakiness” — of the MDF and how that shape changes
with latitude in the relatively poorly explored inner few degrees of
the bulge, all enabled by the large size and wide angular distribution
of the APOGEE sample. In Section 4.1, we describe the qualita-
tive properties of the MDFs in our six bins of |b|. In Sect. 4.2–4.3,
we explore statistical decompositions of these MDFs, the stability
of these decompositions with |b|, and the kinematical properties of
the resulting components. In Sect. 4.4, we use an alternate decom-
position method to highlight how different methods may affect our
interpretation of bulge “components”.
4.1 MDF Properties
Figure 9 shows the MDFs of the spatial bins defined above, along
with Gaussian mixture components that are discussed in Sect. 4.2.
The MDF of the outermost spatial (folded) bin at |b| ≥ 10◦ is dom-
inated by a single peak at [M/H] ∼ −0.5 (top panel of Figure 9).
Its overall shape is highly symmetric, but not Gaussian, with pro-
nounced tails extending towards the metal-rich and metal-poor ends.
The location of the dominant peak is too metal-rich to be attributed
to halo stars, but it is consistent with the presence of thick disc stars
dominating the line-of-sight mix of stellar populations at high Galac-
tic latitude (for reference, stars at |b| = 10◦ are at |Z| ∼ 1.45 kpc from
the midplane at a d = 8.2 kpc distance to the bulge).
At 6◦ ≤ |b| ≤ 10◦ the MDF appears bimodal, dominated by a
broad, metal-poor distribution with a peak at [M/H] ∼ −0.4. The
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Figure 9. Metallicity distribution functions of the latitude strips shown in
Figure 8, with the same color scheme. The black dashed and solid lines in-
dicate the individual and summed components, respectively, of the optimal
GMM modeling of the data’s density distribution (Section 4.2).
second prominent peak is narrower and more metal-rich, centred at
+ 0.4 dex. A similar, but less peaky, bimodal distribution is seen
in the stars at 4◦ ≤ |b| ≤ 6◦. In this case, the metal-rich peak is
dominant and well defined, while metal-poor stars are present in a
flatter distribution. The spatial region covered by these two strips has
been previously sampled by optical spectroscopic surveys such as
GIBS and GES (at negative latitudes). The overall picture proposed
from these surveys is that the bulge MDF is intrinsically bimodal,
with the relative proportion of metal-rich stars increasing as closer to
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Figure 10. Vertical metallicity gradient computed from the mean metallicity
of stars in a number of narrow latitude intervals. Angular distances (in the
additional top axis) has been converted to Z by assuming a projection on a
a plane at 8 kpc (to be consistent with other studies and allow comparison).
The gradient has been estimated in two independent regions, as indicated by
the red dashed lines.
the midplane. The visual inspection of the MDFs from our data over
the same spatial region seems to qualitatively confirm this picture.
Inside |b| < 4◦, the MDF becomes increasingly dominated by
the metal-rich peak (lower three panels of Figure 9). As |b| gets
smaller, the metal-poor distribution becomes increasingly flat, re-
sembling more of a heavy tail to the metal-rich peak; upon close ex-
amination, this tail appears to comprise two wide peaks, separating
around [M/H] ∼ −0.4. This separation is weaker in the innermost
strip (|b| ≤ 1.7◦).
In Fig. 10 we divide the bulge sample in several narrow latitude
strips in order to compute the vertical mean metallicity gradient. The
angular distances were converted to spatial vertical distances by as-
suming all stars in each bin projected in a plane at 8 kpc. This is
done in order to be consistent with other studies and allow compar-
ison. The vertical gradient has been measured in previous studies
as a summary quantity of the vertical variations of the composition
of lines of sight towards the bulge. The resulting gradient appears
to have two slopes: a flatter one of -0.09 dex/kpc within 0.7 kpc
(|b| ∼ 5◦) from the midplane, and a steeper one of -0.44 dex/kpc
from there out to 1.2 kpc (|b| ∼ 8◦). Beyond that point, the slope
becomes flat but noisy. The slope we measure beyond |b| ∼ 5◦ lower
than the value reported over a similar region (−12 ≤ b ≤ −4) by Zoc-
cali et al. (2008b) and Rojas-Arriagada et al. (2017) (-0.24 dex/kpc,
both). The steeper value reported in these works may be driven by
the inclusion of outer fields, which as we see in our data, are flatter
but noisy. On the other hand, the inner flattening of the metallicity
gradient is in agreement with previous suggestions from the analysis
of smaller samples of high resolution NIR spectra (Rich et al. 2007,
2012; Schultheis et al. 2019).
This spatial variation of the shape of the MDF reflects a complex
mix of stellar populations present in the bulge. The identification and
characterization of this complexity has been a key outcome from the
optical surveys exploring the southern bulge region at b . −4◦. The
presence of at least two separate “populations” (one metal-rich and
one metal-poor) with different spatial distributions, different kine-
matics, and possibly different origins is argued to drive the variable
behavior of stellar distributions, including the MDF.
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Figure 11. Example of the Monte Carlo analysis implemented to assess the
stability of the GMM solution of the MDF. Top left panel: the red histogram
stands for the observed MDF in a given latitude strip. The black step his-
togram depicts one random sampling of the observed MDF given metallicity
measurement uncertainties. The black dashed lines show the individual com-
ponents, while the solid green line total profile of the optimal trimodal Gaus-
sian mixture. Top right panel: frequency distribution of the optimal number
of Gaussian components found from the GMM runs on the 600 Monte Carlo
resamplings of the observed MDF. Bottom panels: frequency distributions
of the centroids (left) and widths (right) of each Gaussian component in the
preferred trimodal parameterization.
4.2 MDF Decomposition with Gaussian Mixture Modeling
Identifying and separating by chemistry these “populations” de-
scribed above has largely been done by assuming the intrinsic shapes
of their underlying distributions can be described by simple func-
tions (most commonly, Gaussians) that do not have a large over-
lap. Expanding on this tradition, we use Gaussian Mixture Modeling
(GMM) to decompose the |b|-dependent MDFs and study not only
the structure of the distribution, but also how robust this structure is
to uncertainties in the data, how robust it is to the stochasticity of
GMM decomposition, and how the peakiness itself depends on |b|.
To this end, we adopted a Monte Carlo resampling approach,
which is illustrated in Fig. 11. Given an observed MDF (red his-
togram, top left panel), we draw 600 resamplings of the individual
stellar metallicities by assuming a Gaussian variability of 0.05 dex
(approximately APOGEE’s nominal metallicity measurement uncer-
tainty; e.g., Holtzman et al. 2018; Jönsson et al. 2018). An example
of the MDF resulting from one such resampling is shown as a black
empty histogram in the top left panel of Fig. 11.
A GMM parametrization was computed for each of the 600 re-
samplings of each latitude strip’s MDF, considering mixtures with
N = 1 − 6 components, and using the Bayesian Information Cri-
terion (BIC) to identify the optimal model. The frequency of the
optimal number of components over the whole set of resamples was
examined to see if a preferred model complexity emerged (top right
panel). A trimodal solution is found to be the optimal one in the ma-
jority of the cases (∼ 75% in this example). Thus, we choose the
trimodal mixture as the stable optimal parametrization of this MDF
density structure.
The lower panels of Fig. 11 show the distributions of the cen-
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Galactic Latitude N=1 N=2 N=3 N=4 N=5 N=6
|b| ≥ 10◦ 0.00 0.00 0.99 0.01 0.00 0.00
6◦ ≤ |b| ≤ 10◦ 0.00 0.37 0.56 0.05 0.02 0.00
4◦ ≤ |b| ≤ 6◦ 0.00 0.11 0.47 0.34 0.09 0.00
2.5◦ ≤ |b| ≤ 4◦ 0.00 0.00 0.75 0.19 0.06 0.00
1.7◦ ≤ |b| ≤ 2.5◦ 0.00 0.00 0.56 0.38 0.07 0.00
|b| ≤ 1.7◦ 0.00 0.00 0.93 0.07 0.00 0.00
Table 1. Relative frequency of the preferred number of GMM components
used to model the MDF over the 600 Monte Carlo resamplings in each lati-
tude strip.
troids and widths of the individual Gaussian components in the tri-
modal solutions. The narrowness of these distributions indicate that
the component parameters are robust over the set of Monte Carlo re-
samplings. The optimal trimodal Gaussian mixture is shown on top
of the observed MDF (in red) in the top left panel. Dashed black
lines denote the individual components, while the solid green line
shows the total density distribution. This distribution appears to be
a fairly good description of the density distribution of the observed
data at this latitude.
We applied the procedure described above to the observed MDFs
in each of our latitude strips (Fig. 9). The components of the opti-
mal model are shown on top of each MDF in dashed lines, with their
sum as the solid line. Despite the changing shape of the MDF with
latitude, in all cases the preferred GMM solution is trimodal. This
can be seen in Table 1, which contains the relative frequency of solu-
tions with N = 1− 6 components over the whole set of Monte Carlo
resamplings of each latitude strip. Table 2 contains the parameters of
the optimal Gaussian mixture for each of the latitude strips (Fig. 9).
The metal-rich peak, which is visually apparent in all the MDFs,
corresponds closely to the consistently-narrowest of the GMM com-
ponents. Interestingly, the broad metal-poor distribution identified in
the qualitative assessment of the MDF shape (Sect. 4.1) appears to
be best described by two Gaussian components. This is the case even
in the strips where visual inspection may suggest a single metal-poor
peak. In the rest of this analysis, we will refer to these components as
metal-rich, metal-intermediate, and metal-poor. As we shall argue,
this nomenclature does not necessarily imply physically different
structures/populations, but rather distinct data components needed
to parameterize the density structure of the observed MDF.
The narrowness of the probability distribution functions for each
component’s µ (e.g., bottom left panel of Fig. 11), and the constancy
of µ with |b| (e.g., top panel of Fig. 12), suggest that the metallicities
of the components do not themselves depend on distance from the
Galactic plane. In this sense, the shape of the MDF is determined
by the combination of components whose relative weights change
systematically, with metal-rich stars becoming progressively impor-
tant closer to the midplane. This observation is consistent with the
qualitative picture drawn from optical surveys.
We note that although the MDF of the sample at |b| ≥ 10◦ is also
best represented by a trimodal mixture, the individual components
look different from those at other latitudes. The most prominent
component peaks at [M/H] ∼ −0.5, which is located between the
metal-intermediate and metal-poor peaks of the other latitude sam-
ples. A similar offset is observed for the two other components of
this mixture. This reinforces our previous hypothesis that our high-
est latitudes are dominated by stars from the thick disc and halo.
Fig. 12 contains a summary of the individual component means
(µ), widths (σ), and relative weights as a function of angular distance
from the midplane. The top panel highlights the constancy of the
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Figure 12. Summary plots of the GMM analysis on the latitude-separated
MDFs. The curves display the variation as a function of the distance from
the midplane of the individual Gaussian parameters of the preferred trimodal
mixture: centroids (µ, top panel), widths (σ, middle panel), and relative
weights (w, bottom panel). In all panels, the vertical black dashed line sepa-
rates the region seemingly dominated by three similar bulge components (i.e.
|b| < 8◦ from that dominated by different components, possibly describing
the halo+thick disc (Sect. 4.2).
metallicity centroids of the individual components over the whole
0 ≤ |b| . 8◦ region, only deviating in the outermost bin at |b| ≥ 10.
A similar trend is seen for the components’ widths (second panel
from top), although with larger deviations than the centroids.
The trend of the relative weight of components with |b| (third
panel) serves as an intriguing piece of evidence. This trend suggests
that the global shape of the MDF is largely determined by the varia-
tion of the relative weights of the metal-rich and metal-intermediate
components. In this sense, the metal-poor component accounts for
a smaller (and relatively constant) proportion of the data density,
with only a hint of a modest enhancement at higher latitudes. The
inversion in the relative importance of the metal-rich and metal-
intermediate components happens in the range |b| ∼ 5◦ − 7◦, with
the ratio becoming stable at the innermost 2 − 3 degrees.
In Fig. 13, we compare the |b|-dependent best-fit GMM solutions
to smaller subsamples separated around the midplane (i.e., using b
instead of |b|) and further divided by Galactic longitude: −11 ≤ l ≤
−5, −5 ≤ l ≤ −0, 0 ≤ l ≤ 5 and 5 ≤ l ≤ 11. The arrangement of
the MDFs of these angular pixels in Fig. 13 is consistent with the
layout in Fig. 8. The distributions are noisier, as expected, but the
number of stars per bin is still typically >100. As a visual reference,
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Strip
metal-poor metal-intermediate metal-rich
µ σ w µ σ w µ σ w
10 ≤ |b| -1.04 0.23 0.18 -0.53 0.18 0.58 -0.04 0.24 0.24
6 ≤ |b| ≤ 10 -0.72 0.29 0.33 -0.26 0.26 0.46 0.34 0.11 0.22
4 ≤ |b| ≤ 6 -0.65 0.22 0.25 -0.16 0.20 0.35 0.33 0.11 0.40
2.5 ≤ |b| ≤ 4 -0.64 0.22 0.25 -0.15 0.19 0.33 0.34 0.12 0.42
1.7 ≤ |b| ≤ 2.5 -0.63 0.24 0.23 -0.12 0.18 0.32 0.32 0.13 0.45
|b| ≤ 1.7 -0.68 0.22 0.20 -0.13 0.18 0.32 0.27 0.14 0.48
Table 2. The mean [M/H] (µ), width (σ) and relative weights (w) of the three individual components found to be the preferred and stable GMM solution in the
MDF of our latitude strips.
in each panel, we show the best-fit GMM to the full sample in each
latitude strip with dashed (individual components) and solid black
(summed mixture) lines. Stars from low to super-solar metallicity
are observed in all individual MDFs across the whole (l, b) region.
At fixed l, the MDF of fields symmetric about the midplane (i.e., at
±b) appear consistent with each other.
On the other hand, if one compares the MDF of individual fields
along a latitude strip, one sees that the strength of the metal-rich peak
finds better agreement at positive longitudes to the respective GMM
model. This asymmetry is clearer in the strips beyond |b| = 2.5◦.
The trend may be explained by the asymmetry introduced by the
bar, whose major axis lies at an angle to the Sun-Galactic Center
line and whose near end is located at positive longitudes (the sight-
lines at negative longitudes must extend to larger distances to reach
the metal-rich dominated bar). This is consistent with the association
of metal-rich stars with the bar (also see Hasselquist et al. in prep,
Wegg et al. 2019). We emphasize that these asymmetries manifest
themselves only as changes in the relative component weights of the
observed (noisy) MDF with respect to the latitude best fit GMM, not
the centers or widths of the components.
In summary, our GMM analysis shows that, when based on
statistically significant samples, the density structure of the bulge
MDF is optimally and robustly parameterized by a trimodal Gaus-
sian mixture. The metallicity of the metal-rich, metal-intermediate
and metal-poor components remains nearly constant with latitude
at approximately −0.66, −0.17, and +0.32 dex, respectively. The
strongest variation of the MDF shape is in the vertical direction,
and appears mostly driven by the variation of the relative weight of
the metal-rich and metal-intermediate components. The metal-poor
component seems to account for a relatively constant fraction of the
total MDF density, regardless of the distance to the midplane.
4.3 Kinematic properties of the MDF GMM components
We examine in this section the kinematic patterns of stars most
closely associated to each of the three GMM components. Figure 14
contains maps of the mean velocity and velocity dispersion in the
(l, b) plane, computed from the bulge sample (folded about the mid-
plane) in a grid of (∆l,∆b) ∼ (1.25◦, 1.5◦). As a complementary
view, we display in Fig.15 the mean and dispersion Galactocentric
velocity curves for the three metallicity components separated into
the latitude strips adopted elsewhere in this work. In this general
qualitative assessment, we attempt to construct subsamples of stars
most likely to belong to each of the MDF components. To this end,
we separate the bulge sample into three metallicity ranges, centered
on the three components inferred in Sect. 4.2 but avoiding the re-
gions of largest overlap (and so, where the association of a star with
a given component is more uncertain). These ranges correspond to:
[M/H] ≥ +0.1 dex (metal-rich), −0.4 ≤ [M/H] ≤ 0.0 dex (metal-
intermediate), and −1.2 ≤ [M/H] ≤ −0.5 dex (metal-poor).
From the upper set of panels of Figs.14 and 15, one can see that
all three components show a cylindrical rotation pattern about the
minor axis. The latitudinal variation of the rotation pattern (i.e. the
departures from perfect cylindrical rotation) seem to be somehow
larger for the metal-rich component compared to the other two. This
component has in addition the most pronounced rotation in the mid-
plane (compare for example curves for |b| ≤ 1.7). On the other hand
a more uniform rotation pattern can be seen in stars belonging to
the metal-poor component, which also show an overall slower rota-
tion. Although the cylindrical rotation pattern in the bulge is known
from previous optical spectroscopic surveys (Zoccali et al. 2014), we
characterize it here from stars distributed in a previously ill-explored
region close to the midplane. Our results here update those previ-
ously found from APOGEE DR12 data (Ness et al. 2016; Zasowski
et al. 2016), although with higher spatial resolution due to the larger
sample available now.
The patterns of velocity dispersion (lower row of Fig. 14 and
15) show some differences between the metallicity components. In
the metal-rich stars, the velocity dispersion has overall a large ver-
tical variation, increasing sharply with decreasing latitude, with a
pronounced enhancement in the central region within |l| < 5◦ and
|b| < 5◦.
This is also consistent with the results of Ness et al. (2016); Za-
sowski et al. (2016). In contrast, Fig. 14 and 15 show that the metal-
intermediate component is overall kinematically hotter (less varia-
tion with latitude), and displays a less pronounced increment of ve-
locity dispersion towards the center. An even larger isotropy is seen
for stars in the metal-poor group, which appears kinematically hot
over nearly the entire sampled spatial region. This is clearly seen
from both the map and the relative flat velocity dispersion curves.
As we discuss in Sect. 5, these varying projected kinematical pat-
terns can be used to speculate on the orbital properties of the stars
associated with each of the metallicity components.
4.4 MDF Decomposition with Non-negative Matrix
Factorization
The primary aim of this paper is to explore the complexity of the
bulge’s MDF using GMM (Sect. 4.2–4.3), but in this section we de-
scribe an alternative decomposition using Non-negative Matrix Fac-
torization (NMF; Lee & Seung 1999, with some examples of as-
trophysical applications in Igual & Llinares 2008 and Hurley et al.
2014). NMF is a dimensionality reduction technique similar to Prin-
cipal Component Analysis (PCA) in spirit; one key difference is that
the eigenvectors are constrained to be non-negative. This constraint
makes NMF an appealing option for decomposing a spatially variant
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Figure 13. Variations of the bulge MDF in binned regions in (l, b). Stars in each latitude strip (see Fig. 8) are split into four longitudinal ranges: 5◦ ≤ l ≤ 11◦,
0◦ ≤ l ≤ 5◦, −5◦ ≤ l ≤ 0◦, and −11◦ ≤ l ≤ −5◦. The MDFs of the resulting samples are distributed in the figure to preserve their relative position in the (l, b)
plane, as shown in Fig. 8. The Galactic longitude/latitude range and number of stars are quoted in each panel. The best-fit GMM to the full sample in each
latitude strip is overplotted with dashed and solid black lines (individual components and full mixture, respectively).
MDF, since in principle, the MDF at any location is a superposition
of every MDF component scaled by a non-negative value (including
0). An additional benefit of NMF is that the components themselves
are not limited to Gaussians or any pre-defined functional form.
Using the same absolute latitude bins described above (Fig. 8),
and motivated by the robustness of the three-component GMM so-
lution, we perform a three-component NMF decomposition on the
same MDFs over the range −2 ≤ [M/H] ≤ +0.7 (∆[M/H] = 0.1).
The NMF components and the reconstructed MDFs are shown in
the left and middle panels of Fig. 16, respectively. When rerunning
the decomposition while removing one of the input MDFs, the miss-
ing MDF is able to be reconstructed using the output components to
the same apparent quality as when all MDFs are included. We per-
formed this same procedure on the subsampled MDFs described in
Sect. 5.1 and found no difference in the shape of the components,
simply a reduced amplitude.
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Figure 14. (l, b) kinematic maps for the three metallicity components found in the bulge MDF. In each case, the sample has been two-folded with respect to the
Galactic plane, and the map has been constructed by binning into a 16 × 16 grid. Only pixels containing more than five stars are displayed. Top panels: mean
Galactocentric velocity maps. Bottom panels: Galactocentric velocity dispersion maps.
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Figure 15. Mean Galactocentric velocity and velocity dispersion curves for stars in the three GMM-inferred metallicity components. The color of the points
and lines indicates the latitude range, using the same color scheme adopted elsewhere in this paper (e.g., Figs. 8 and 9).
In comparing the NMF components to the range of GMM com-
ponents (vertical lines in Fig. 16a), we find broad consistency along
with some marked differences, some of which are simply due to the
different methodologies and some of which may contain meaningful
information. Regardless of the weights given to the three compo-
nents, a trimodal distribution results, in agreement with the GMM
findings7. The metal-poorest NMF component (NMF 2, green line)
peaks at the same metallicity as the metal-poor GMM component,
7 The exception is if a zero weight is given to the broadest, most metal-rich
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Figure 16. Non-negative matrix factorization (NMF) as applied to our bulge MDFs. Panel (a): The components inferred from a three-component decomposition
applied to the |b|-dependent MDFs discussed in Sect. 4.1 and shown in Fig. 9. The vertical solid and dotted lines indicate the mean and ±σ of the three GMM
components extracted in Sect. 4.2. Panel (b): Reconstruction of each MDF using the components in Panel (a). Panel (c): Relative weight of the NMF components
in each latitude strip.
with a large width. The metal-richest NMF component (NMF 1, red
line) peaks at the same metallicity as the metal-rich GMM compo-
nent, with a small width in that peak at [M/H] ∼ +0.3; however, the
metal-richest NMF component is the widest of the three, and signif-
icantly, shows a secondary peak that coincides with the metallicity
of the metal-intermediate GMM component.
These two peaks in the eigenvector (or “eigenMDF”) imply that
the numbers of stars at these metallicities are somewhat correlated
with each other across the range of |b| spanned by the MDFs. An
alternative way of interpreting this is: in contrast to representing the
MDF by summed Gaussians with smoothly varying relative heights,
the MDF can be modeled equally well with a skewed, multi-peaked
distribution that is modulated by a second (narrower, symmetric,
single-peaked) component (NMF 3, blue line in Figure 16a, centered
at [M/H] ∼ 0). The near-total dominance of NMF 2 at high |b| sug-
gests that it may represent the combined distributions of inner halo
and thick disc stars, which contribute relatively little at low |ZGC|;
the inner bulge MDF variations are driven by the relative strength
of the skewed, multi-peaked distribution and the symmetric, solar-
metallicity distribution.
The details of this comparison depend only weakly on our choice
of a three-component decomposition. If a different number of com-
ponents is chosen, each one’s shape changes slightly, but the general
pattern is robust. For example, in a two-component decomposition,
the dominant NMF 1 has a shoulder instead of a dip at [M/H] ∼ 0,
while NMF 2 is nearly identical. In a four- or five-component de-
composition, the three eigenMDFs shown in Figure 16a are again
nearly identical, with additional components providing only slight
modulations with very low weights.
Our goal in exploring this technique is to demonstrate an alter-
native approach to MDF analysis, as a contrast to adopting Gaus-
sian (or similar) bases and identifying or classifying “populations”
to associate with known or assumed bulge constituents. These types
of non-parametric decompositions may be useful when comparing
to, e.g., stellar abundance distributions produced by chemical en-
richment models with an extended, complex star formation history,
which do not predict distributions easily modeled by a small num-
ber of symmetric Gaussians. A deeper exploration of the full infor-
eigenvector and not to the other two, which does not match any of the patterns
in our dataset.
mation contained in a NMF decomposition (including the optimal
number of components) and in other techniques is deferred to future
work.
5 DISCUSSION
5.1 MDF complexity from the perspective of other surveys
In Sect. 4.2 we studied the varying structure of the bulge MDF in
several bins sampling different distances from the Galactic mid-
plane. In this section, we compare this picture with the general con-
clusions drawn from the results of optical spectroscopic surveys in
the bulge region, some of which found a larger optimal number of
components and others which found a smaller number.
A more complex picture, with a higher number of components,
emerged as a main outcome of the ARGOS survey. The primary tar-
gets were bulge red clump (RC) stars that were observed in the cal-
cium triplet (CaT) region at R = λ/∆λ ∼ 11.000. A full spectrum-
fitting approach was used to estimate fundamental parameters, in-
cluding metallicity (but not Teff , which was fixed from photomet-
ric calibrations), with an uncertainty of ∼0.1 dex. The structure of
the MDF was studied from three latitude bins at b = −5◦, −7.5◦,
and −10◦ (within l ± 15◦), each containing between 2000 and 4000
stars. From these data, Ness et al. (2013) found the MDF shape to
be optimally decomposed by up to five Gaussian components, let-
tered A through E in order of decreasing metallicity, with the three
most metal-rich components (at [Fe/H] = +0.1, −0.28, and −0.68)
dominating the density structure of the MDF.
Our results (Fig. 9) are comparable with those of ARGOS, at least
with regards to the number of Gaussian components needed to re-
produce the observed MDF at [Fe/H] ≥ −1. Our sample has too
few stars with [Fe/H] ≤ −1 dex to be represented by extra compo-
nents in the Gaussian mixture. Thus, the larger size of the ARGOS
sample may explain the presence of two additional minor compo-
nents at [Fe/H] ∼ −1.2 and [Fe/H] ∼ −1.7. Although the number of
components at [Fe/H] ≥ −1 is the same, the centers of our metal-
licity components (−0.66, −0.17 and +0.32 dex) are not consistent
with those of ARGOS, nor are they simply shifted due to a constant
offset between the survey metallicity scales. For example, the sep-
aration between our metal-rich and metal-intermediate components
is 0.10 dex larger than the separation between components A and B
of ARGOS.
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A similar multimodal MDF decomposition was obtained from a
sample of ∼ 7500 stars from APOGEE DR12 (García Pérez et al.
2018). A three Gaussian decomposition was evaluated in a number
of mid-size samples (∼ 200 stars in average) separating the bulge
area in broad (l,b) pixels (see Fig. 9 of García Pérez et al. 2018).
As a result, four different metallicities were found as the centroid of
the components considering the results of all fields together (+0.32,
+0.0, −0.46 and −0.83 dex). As in the case of ARGOS, the position
of the components seem inconsistent with the results obtained here.
Note that the results presented in this work, as based on a more re-
cent and improved APOGEE data release, and on a larger number of
stars, supersede those of (García Pérez et al. 2018).
In contrast, Hill et al. (2011) used a GMM analysis on 219 RC
stars to investigate the shape of the MDF in Baade’s Window and
found evidence for only two populations, of roughly equal size, lo-
cated at [Fe/H] = −0.3 and +0.3. A bimodal MDF was also posited
to describe a large area below the midplane, based on results from
the GIBS and GES surveys (Gonzalez et al. 2015; Zoccali et al.
2017; Rojas-Arriagada et al. 2014, 2017). As optical surveys — both
of them observing with FLAMES@VLT — the footprints of these
observations were concentrated in the area below b . −3.5◦ (al-
though GIBS also had a strip of fields at b = −2◦). As in ARGOS,
the targets were RC giants observed in the region around the CaT.
In the case of GIBS, spectra were obtained at R ∼ 6500, and a CaT
calibration was used to obtain metallicities with a nominal uncer-
tainty of 0.2 dex (Vásquez et al. 2015). GES data were observed
at higher spectral resolution (R ∼ 17.000) and analyzed through a
full spectrum fitting analysis, reaching a metallicity uncertainty of
∼ 0.1 − 0.15 dex. In both surveys, the typical sample size per ob-
served field is around a couple hundred stars. The overall picture,
consistent between Hill et al. (2011), GES, and GIBS, is of a bi-
modal bulge MDF. The metallicity positions of the two components
vary slightly between the different fields in each study, but are found
to be located at about −0.4/+ 0.3 dex (GIBS) and −0.35/+ 0.40 dex
(GES), compared to ±0.3 in Hill et al. (2011).
In a different approach, Fragkoudi et al. (2018) compared the
shape of the MDF obtained from APOGEE DR13 with a N-body
simulation in a number of (l,b) pixels. The simulation tracked the
secular evolution of a thin disc and two thick discs into a B/P bulge.
From the model, simulated MDFs were “observed” by reproducing
the line-of-sight distance sampling of APOGEE. These simulated
MDFs were found to qualitatively agree with the data in the sense
of being visually bimodal; they also reproduced the spatial variation
of the mean metallicity in the bulge region (vertical and longitudinal
gradients) and the variation in the relative contribution of particles
from the different discs in each observed field.
In spite of the simpler (N = 2) decomposition found by these
studies to explain the shape of the MDF, the optically derived distri-
butions are in good qualitative agreement with those in our latitude
strips spanning similar areas. In fact, the position of our metal-rich
component is between the metal-rich components found by GIBS
and GES. The shape of the MDF in our latitude bins spanning areas
similar to that sampled by GIBS/GES can be visually described as a
bimodal distribution (Sect. 4.1).
Quantitatively, however, this lower-metallicity half of the bimodal
distribution is better described in our dataset by two Gaussian com-
ponents, which we posit are unresolved when the sample sizes
are small and/or the individual metallicity uncertainties are large.
Thanks to the large samples we have in each of our latitude strips,
and the small individual measurement errors, we can perform an ex-
periment simulating previous optical surveys’ sampling of the bulge
MDF, which is illustrated in Fig. 17. We downsampled our six lati-
tude strips by randomly choosing 600 stars from each of them. Al-
though this sample size is a considerable reduction from the current
sample size, it is still larger than that in the typical GIBS/GES fields
(∼ 200). Gaussian noise was added to the individual metallicities to
simulate inflating their uncertainties to a ∼ 0.12 dex level.
The optimal GMM solution was computed for each distribution
allowing for one to six components and adopting the BIC as model
selection criterion. The optimal mixtures fitted to each MDF are dis-
played on top of them in Fig. 17. As we can see, the MDF of the
outermost bin at |b| ≥ 10◦ is now found to be well represented by
a single Gaussian component centered at ∼ −0.5 dex. On the other
hand, the MDF of the bins inside |b| = 10◦ are now well repre-
sented by bimodal distributions which in every case look as a fair
representation of the observed density distribution. In one case, the
2.5 ≤ |b| ≤ 4 strip, the solution is still found to be trimodal and
consistent with the result obtained before from the full original sam-
ple. In fact, the whole exercise was run several times, and in some
cases this distribution was well represented by a bimodal mixture.
We choose to leave this instance of the experiment to show that with
smaller samples with larger individual errors the results of a GMM
run become simpler, or in any case, less robust, since the observed
GMM does not provide enough information to be explained by a
more complex Gaussian mixture.
Overall, Fig. 17 shows that under similar sampling conditions, the
qualitative shape of the MDF in fields over the same spatial area is
quite consistent between APOGEE and previous optical surveys. In
all cases, the metal-rich component, apparent by simple visual in-
spection, is appropriately detected and described by a component in
the Gaussian mixture. On the other hand, only a larger and more pre-
cise sampling allows to find extra complexity at the sub-solar metal-
licity domain of the MDF.
The metallicity distribution in a given bulge line of sight results
from the varying contributions of what could eventually be several
structures coexisting in the inner Galaxy. If any pair of them are
characterized by intrinsically similar distributions with a significant
overlap, they might become difficult to disentangle from the ob-
served MDF. The situation can be even more complex if the intrinsic
shape of the distributions depart from the simple assumed Gaussian-
ity (e.g., Sect. 4.4).
To summarize, the need for three Gaussian components to explain
the shape of the bulge MDF qualitatively agrees with the results from
the ARGOS survey. It is also in agreement with the density structure
reported from other large optical spectroscopic surveys once consid-
erations of sample size and individual error measurements are taken
into account. Whether these components represent underlying phys-
ical components or not can be assessed from the examination of the
distributions of other observed properties.
5.2 The bulge’s MDF in the context of bulge formation
mechanisms and extragalactic evidence
Our trimodal characterization of the bulge MDF reveals different
spatial variations and kinematical correlations for stars in the three
metallicity groups. These observations are evidence for understand-
ing the metallicity components as distinct physical populations (see
also Queiroz et al. in prep). It is interesting to review these findings
in the context of extragalactic observations and theoretical predic-
tions from bulge formation scenarios. We will start with the highest-
metallicity stars.
Many lines of observational evidence have been used to argue that
the bulge’s metal-rich stars are entrained in the B/P- and/or X-shaped
bar (e.g., Ness et al. 2012; Rojas-Arriagada et al. 2017; Zoccali et al.
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Figure 17. Gaussian mixture decomposition of MDFs designed to reproduce
the sampling of previous spectroscopic surveys (analogous to Fig. 9). From
each latitude sample, a subsample of 600 stars was taken and their individual
measurement errors inflated to 0.1 dex. The best-fit GMM mixture to each
of these resulting samples is overplotted with dashed black and red solid
lines, depicting individual components and the total mixture, respectively.
The vertical black lines indicate the position of the peaks as found from AR-
GOS (dotted), GES (dashed) and GIBS (solid) MDF decompositions. They
are only displayed in the panels approximately corresponding to the latitude
ranges they cover.
2017). In the canonical prescription for bar formation, secular evolu-
tion proceeds from spontaneous gravitational instabilities that rear-
range angular momentum in the pre-existing disc and result in mass
transfer, building a stellar concentration in a central bar. Subsequent
bending instabilities produce a B/P bulge from the stars being kine-
matically heated in the vertical direction. The point here is that secu-
lar evolution is fundamentally a dissipationless process taking place
in a gas-poor phase of galactic evolution, driven by stellar dynamics.
This process has implications for the ages and present-day kinemat-
ics of stars entrained in the bar.
With respect to age, one must be careful to distinguish between
ages of the bar stars and the age of the bar structure itself. The high
metallicity of the stars argued to be in the bar may imply younger
ages, relative to the rest of the bulge, which may suggest that the
bar itself is a relatively recent addition to the MW (Di Matteo 2016,
Fragkoudi et al. 2018, Wegg et al. 2019, Lian et al. in prep, but for
a different view, Bovy et al. 2019). It has been established from the
study of the redshift-dependent fraction of galactic bars, in observa-
tions (Sheth et al. 2008) and cosmological simulations (Kraljic et al.
2012; Fragkoudi et al. 2020), that bars appear at lookback times of
∼8 Gyr in MW-mass galaxies—that is, at a later time compared with
the main epoch of mass assembly and star formation. However, it has
also been shown that the presence of a rotating non-axisymmetric
bar potential can induce a loss of angular momentum in gas clouds,
which fall to the center, trigger star formation (Ellison et al. 2011),
and produce stars the same age or younger than the initial bar itself.
Thus the ages of individual stars constrained, by other means, to be
part of the bar population are essential for disentangling the forma-
tion history of not only the bar’s stars but also the bar’s structure.
Detections of a significant fraction of relatively young stars associ-
ated with the bar are important lines of evidence (e.g., Bensby et al.
2017; Schultheis et al. 2017, Hasselquist et al. in prep).
The kinematics of our metal-richest stars support the interpreta-
tion of bar membership. The cylindrical rotation pattern exhibited
by metal-rich stars in Figs. 14–15 is an observational outcome pre-
dicted by N-body simulations of B/P bulges formed from the secu-
lar evolution of the disc through bar formation and buckling (Zhao
1996). It is also a phenomenology observed in external local galax-
ies with central B/P bar-dominated morphologies (Molaeinezhad
et al. 2016). The slightly enhanced rotation pattern towards the mid-
plane observed in our data represents an additional signature of
bar-dominated dynamics (Gómez et al. 2018). The σ(VGC) maps
(Fig. 14) show that this component has a steep vertical kinematical
gradient, consistent with the progressive dominance of bar stream-
ing orbits towards the midplane. At the same time, such an orbital
structure may explain the central σ(VGC) enhancement (at |l| ≤ 4◦,
|b| ≤ 4◦) as an effect of the lines of sight crossing inner regions
where the several families of orbits supporting the bar structure in-
tersect each other.
Let us now turn our attention to the group of metal-intermediate
bulge stars. This component, in our analysis, comprises most of the
stars identified as belonging to the metal-poor component in opti-
cal studies such as GES/GIBS (Sect. 5.1), so that comparisons be-
tween them are pertinent in what follows. As shown in Figs. 14–15,
this component is overall kinematically hotter than the metal-rich
one but has a less pronounced enhancement in dispersion towards
the center. However, it displays a more coherent cylindrical rotation
than the metal-rich stars. Can these stars be associated with the buck-
ling instability of stars formed in the disc, or to an in-situ formation
scenario instead?
Stars in this metallicity range (−0.5 to 0.0 dex) have been in-
terpreted as the bulk of the early thin disc rearranged into the B/P
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bulge by bar instability processes (Ness et al. 2013). Such a sce-
nario conflicts with the relatively high levels of α-element enhance-
ment observed for these stars in the APOGEE data (in the same
RGC ≤ 3.5 kpc sampled in this work; Rojas-Arriagada et al. 2019,
Queiroz et al. 2020); this enhancement is instead indicative of a rapid
star forming episode (i.e., the chemical evolution models of Rojas-
Arriagada et al. 2017; Matteucci et al. 2020; Lian et al. 2020). On
the other hand, Di Matteo (2016) and Fragkoudi et al. (2018) asso-
ciate these stars with the larger thick disc in order to reproduce their
observed chemical and kinematical distributions. Although a qual-
itatively similar chemistry is found for the sequences of bulge and
thick disc stars in the [α/Fe] vs [Fe/H] plane, a more metal-rich po-
sition has been found for the bulge “knee” (Cunha & Smith 2006;
Rojas-Arriagada et al. 2017), indicating a higher early star forma-
tion rate in the bulge than in the thick disc (see also Queiroz et al.
in prep). On the other hand, the splitting of the red clump luminos-
ity distribution (as a proxy of distance) was taken by (Ness et al.
2012) as evidence of them participating in the X-shape. However, in
the same metallicity range, GES data suggest a less structured, more
homogeneous spatial distribution (Rojas-Arriagada et al. 2017).
Alternatively, these stars have been proposed as a morphologi-
cally classical bulge component. In Λ-CDM, this component corre-
sponds to mass assembled from the dissipationless merging of stellar
substructures. There are a couple of observational constraints limit-
ing the plausibility of this scenario: (i) a bulge assembled from many
different building blocks might lead to a rather chemically inhomo-
geneous structure, unless the independent building blocks were al-
ready uniform to begin with. What is observed, however, is a tight,
seemingly singular chemical evolutionary sequence, at least in the
alpha elements (Zasowski et al. 2019; Rojas-Arriagada et al. 2019).
(ii) This hypothesis would require a rather high mass for the individ-
ual building blocks. Indeed, if their individual potential wells were
shallow, the consequent slow SFR would be unable to produce a
substantial amount of stars of a high enough metallicity to match
our component distribution.
The analysis of cosmological zoom-in simulations has revealed
that the modeled galaxies that most closely resemble the chemody-
namical properties of the Milky Way are characterized by a quies-
cent merger history: the last major merger happening long before bar
formation, and overall, with a negligible fraction of ex-situ stars in
the bulge region (Fragkoudi et al. 2020).
Finally, an in-situ formation scenario may provide an appropri-
ate explanation for the present-day observed properties of metal-
intermediate stars. Observations at high redshift (z = 1.5 − 2.2)
have revealed the presence of central stellar overdensities in galax-
ies that otherwise are still actively forming stars in their gas-rich
discs in an inside-out way (Nelson et al. 2016; Tacchella et al. 2015).
This implies that mature bulges are already in place early during the
main epoch of star formation. This mechanism rapidly forms rotat-
ing bulges out of the gas-rich disc in a internal dissipative process,
without the need for major mergers (Tadaki et al. 2017). Theoretical
prescriptions of such a scenario include the formation of giant disc
gas clumps, their migration and coalescence (Immeli et al. 2004;
Elmegreen et al. 2008) at the center, or global violent disc insta-
bilities leading to a massive central accumulation of star-forming
gas (Dekel & Burkert 2014). A fast and early vigorous star forma-
tion in gas-rich high-redshift environments can produce a bulge with
the properties observed in our metal-intermediate stars: a spatially
extended, rotating, kinematically hot, relatively metal-rich and al-
pha enhanced stellar structure composed predominantly by old stars.
In this sense, our metal-intermediate stars may correspond to the
present day structure assembled in-situ and early in the formation of
the Milky Way.
Our metal-poor component amounts for a relatively constant and
minor fraction of the stars below solar metallicity. They display a
tight but slow cylindrical rotation pattern and are kinematically hot
and isotropic over most of the studied area. In (Ness et al. 2013)
these stars were associated with the thick disc present in the inner
Galaxy before the instability event. This interpretation conflicts with
the peak of this component being located at [M/H] = −0.66 dex,
which is around 0.3/0.4 dex lower than the peak of the thick disc at
3 ≤ RGC ≤ 5 kpc (Hayden et al. 2015). On the other hand, they are
too metal rich to be associated with the inner halo. Nonetheless, our
sample contains only a minor fraction of stars with [M/H] ≤ −1 dex,
and therefore we cannot rule out that some of these stars belong to
the stellar halo. In fact, from the early evidence of Minniti (1996a)
it is known that giant stars more metal poor than [M/H] = −1 dex
display halo-like kinematics, and should be naturally found in the
inner Galactic regions but as an overall very small fraction.
In the same metallicity range, Kunder et al. (2020) has proposed
the existence of two different components traced by the intrinsi-
cally metal-poor old RR Lyrae stars, with the most centrally con-
centrated one proposed to be a classical bulge in the sense of being
produced by an accretion event at high redshift. Whether our metal-
poor stars can be associated with the stellar populations being traced
by RR Lyrae at [Fe/H] ∼ −1 dex remains to be proven. Nonetheless,
a merger scenario for this component has to account, as in the case of
metal-intermediate stars, for their low dispersion of α-elements. The
latter also challenges a potential interpretation of this component as
the product of accreted globular cluster stars; not only the chemi-
cal homogeneity of α-elements is not guaranteed, but also the peak
in metallicity of this component is in between the two peaks of the
metallicity distribution of bulge globular clusters (Bica et al. 2016,
their Fig. 4). Field stars with chemical anomalies have been reported
in this metallicity regime (Schiavon et al. 2017; Fernández-Trincado
et al. 2019), but they are estimated to amount for ∼ 2% of the total
budget mass. The more recent work of (Horta et al. 2020) estimates
that up to 1/3 of all bulge metal-poor stars (with [Fe/H] ≤ −0.8 dex)
might be accreted, as identified from their chemical composition re-
sembling those of low mass satellites of the MW. Further data will
be needed to resolve the formation scenario for these stars.
6 SUMMARY
We have investigated the shape of the bulge MDF from a sample of ∼
13, 000 giant stars spatially located in the bulge region coming from
the APOGEE DR16 and further internal incremental data releases.
This sample allowed us to study the inner-Galaxy stellar populations
over the whole |l| ≤ 11◦, |b| ≤ 13◦ area, and down to the midplane
where the high levels of extinction have hindered previous attempts
from optical surveys.
Our main findings are as follows:
(i) The effects of the APOGEE selection function on the shape of
the MDF is rather small and does not impact the complex density
structure revealed by our analysis.
(ii) The RGC = 3.5 kpc limit often adopted to spatially separate
bulge/disc stellar samples finds qualitative justification from the
changes in kinematical patterns characterized from our data around
that limit.
(iii) The shape and spatial variations of the bulge MDF can be ex-
plained as the varying contribution of three main components at
[Fe/H] ≥ −1 dex.
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(iv) Our GMM analysis and robustness assessment show that the
trimodal Gaussian mixture correctly captures the density structure
of the MDF over the whole set of latitude strips we adopted to sepa-
rate the bulge sample. We estimate that bulge populations dominate
the line-of-sight samples inside |b| = 8◦. Over that region, the mean
metallicity of the components remain rather constant, and the widths
present only mild variations. The relative weights of the metal-rich
and metal-intermediate components determine the vertical variations
of the density shape of the MDF, and so, naturally explain the verti-
cal variations of summary quantities such as the metallicity gradient.
(v) In the same vein, we show that the bimodal Gaussian mixture
found to well represent the MDF from optical surveys data could be
an effect of the combination of relatively small sampling and larger
individual measurement errors.
(vi) The kinematics of our three metallicity components show some
differences which we relate to their different orbital structure.
(vii) Finally, we cast our results in the context of previous works
on the bulge MDF, as well as of evidences from the study of high
redshift galaxies and theoretical formation models.
With the present data we are not in position to settle down a defini-
tive physical interpretation of the nature and origin of the bulge com-
ponents. Nonetheless, our data allowed us to trace the big empirical
picture, conciliating previous observational evidence and contribut-
ing to assemble a state-of-the-art observational picture of the bulge
stellar populations down to the midplane. The complexities revealed
here and in other studies highlight the need of considering both local
(resolved stellar populations) and high redshift (integrated proper-
ties) evidence to piece together the sequence of events behind galaxy
formation and evolution. This observational approach may lead us to
assemble, with the help of theoretical models/prescriptions, a sce-
nario providing a satisfactory and harmonious account of galaxy
phenomenology from z = 2 to the present-day picture offered by
the Milky Way.
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APPENDIX A: DISTANCE VALIDATION
We perform a number of tests and comparisons to verify the quality
of our derived spectrophotometric distances, which are summarized
in Figures A1 and A2.
In the left panel of Figure A1, we show the comparison of our
spectrophotometric distances with those from the catalog of Gaia-
based Bayesian distances of Bailer-Jones et al. (2018, hereafter
CBJ). We cross-match our catalog for the APOGEE giant sample
(log g ≤ 3.5) with that of CBJ and select stars with distances smaller
than 2.5 kpc and relative error in parallaxes σ$/$ ≤ 0.1. We find a
median offset of (d − dCBJ)/d = 3.4% (i.e., 85 pc at 2.5 kpc), with a
standard deviation of 21.1%.
The middle panel displays the comparison of our distances with
those from the neural network astroNN (Leung & Bovy 2019,
aNN), for giant stars within 10 kpc. We find a median offset of
(d − daNN)/d = 4.8%, with a standard deviation of 21.1%.
In the right panel our distances are compared with those computed
with the StarHorse code (Queiroz et al. 2018, SH) for giant stars
within 10 kpc of the Sun. Here, we find even better agreement than
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with other two methods, with a median offset of (d − dSH)/d = 2.1%
and a standard deviation of 13.4%.
Figure A2 shows distance properties for some different systems
using our spectrophotometric distances. In the left panel, we show
the fractional distance spread of several open clusters whose mem-
bers are selected using dynamics only, with no assumption of dis-
tance (e.g., from isochrone-fitting; Poovelil et al. in prep). The black
histogram is the standard deviation of each cluster members’ dis-
tances, and the red histogram shows the median absolute deviation.
We adopt the more conservative typical uncertainty of 25% (vertical
dashed line) for our sample in this paper.
In the right panel of Figure A2, we show the distance distribu-
tion of the entire APOGEE sample (gray histogram, predominantly
within d < 10 kpc), compared to two dwarf galaxies. Stars targeted
in the Sagittarius (Sgr) dwarf galaxy are shown in purple, and stars
targeted in the Large Magellanic Cloud (LMC) are shown in blue.
We see the expected disc and halo contamination, but the samples
are dominated by stars at distances entirely consistent with previ-
ously determined literature values — here, shown as dSgr = 28.2 kpc
based on RR Lyrae (Hernitschek et al. 2019) and dLMC = 49.88 kpc
based on eclipsing binaries (Pietrzyn´ski et al. 2013). The width of
these peaks is entirely consistent with the 25% uncertainty estab-
lished from the left panel.
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Figure A1. Comparison of the spectro-photometric distances computed in this work (Sect. 2.2) with three others: Gaia Bayesian distances from Bailer-Jones
et al. (2018), the neural network astroNN distances from Leung & Bovy (2019), and the spectrophotometric distances computed with the StarHorse code
(Queiroz et al. 2018). In each case, we display the direct comparison of our spectrophotometric distances with those of the different catalogs for the APOGEE
DR16 sources in common. The dashed black line indicates the 1:1 relation, and the contours trace the 50%, 25%, and 5% isodensity lines. We find generally
good agreement with all three methods.
Figure A2. Left panel: distance dispersion for stars in kinematically-identified open clusters (Poovelil et al. in prep), measured using the standard deviation
(STD, black histogram) and the median absolute deviation (MAD, red histogram) of the cluster members’ distance moduli. We adopt the more conservative
typical uncertainty of 25% (vertical dashed line) for our sample in this paper. Right panel: distance distribution of stars targeted in fields towards the Large
Magellanic Cloud (LMC) in blue and towards the Sagittarius (Sgr) dwarf galaxy in purple, compared with the distance distribution of the general APOGEE
sample in gray. All three histograms have been scaled to peak at 1. The vertical dashed lines indicate the d = 28.2 kpc distance to the Sgr core based on RRL
(Hernitschek et al. 2019) and the d = 49.88 kpc distance to the LMC based on eclipsing binaries (Pietrzyn´ski et al. 2013).
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